We find a production zone slightly lower than 200 km altitude with a total production rate of 4×10 -14 g cm -2 s -1 and a C/N __ 4. These results are compared with experimental data, and to microphysieal models requirements.
The Cassini/Huygens mission will bring a detailed picture of the haze distribution and properties, that will be a great challenge for our understanding of those chemical processes.
Introduction
The dense atmosphere of Titan is composed of approximately 98% nitrogen molecules and 2%
methane. Photochemistry occuring in this atmosphere yields a suite of other gaseous compounds, including hydrocarbons and nitriles (e.g. ethane, hydrogen cyanide). An aerosol layer, which hides Titan's surface in visible light, is also present in the stratosphere.
The composition of the gas and the microphysics of the haze have been studied through observations (both ground-based and from the Voyager spacecrafts) and modeling. But the formation of this haze, from photochemical processes in the gas phase to the smallest aerosol particles considered in the microphysical models (which we will call "precursors"), is not well understood. Photochemical models (Yung ct al., 1984; Toublanc ct al., 1995; Lara ctal., 1996; Lebonnois ct al., 2001) do not follow the fate of gaseous compounds with more than 6 heavy atoms (C and N), while microphysical models (McKay ct al., 1989; Toon ctal., 1992; Rannou ctal., 1995 Rannou ctal., , 1997 assume the existence of small particles (of radius around 13A) as the source of material, then follow the microphysical evolution of the particles while conserving mass. Only one work has been done to detail the chemistry of hydrocarbons up to C_0 macromolecules (Dimitrov and Bar-Nun, 1997) , but this work does not include N-bearing species, and has not yet been applied to simulate Titan's atmospheric composition.
In Dimitrov and BarNun (1999) , the authors present a model of the agglomeration of aerosols that uses this study.
Their model can well reproduce the laboratory synthesis of aerosol particles from Bar-Nun ctal. (1988) . It was also applied to describe a possible scenario for the synthesis of Titan's aerosols, but no direct comparison was made with observations or with other detailed microphysical models (e.g. Toon ct al., 1992; Rannou ct al., 1995 Rannou ct al., , 1997 . In this paper, we address the question of how to link photochemical models to microphysical models in a simple, parameterized way, without including a detailed kinetic model to describe all reactions involved in the macromolecules formation. In order to couple these two kind of models, it is necessary to quantify the production rate of precursors from photochemical reactions, and to evaluate the chemical loss of gas phase molecules to the haze. This does not concern the possible condensation of gas phase molecules on aerosol particles in the low stratosphere and troposphere (typically 40 to 150 km altitude). This is a problem that needs to be treated in the microphysical models, and that does not affect the source function of the haze. In the microphysical models, no addition of mass from the gas phase is considered, which means that chemical growth of macromolecules with addition of gas phase small molecules (e.g. C2H2, HCN, HC3N) is assumed negligible when the smallest aerosol particles are considered.
We will call this transition the precursor level.
The principles adopted in this paper are the following:
• given asetofchemical species included inthephotochemical model, theproduction ofaerosols occurs througha setofinitial reactions that will produce thefirstof theheavy molecules (notincluded in thephotochemistry). These molecules willirreversibly yieldaerosol material. Meanwhile, thegrowth ofthese macromolecules isa sinkforgasphase molecules included in thephotochemistry (e.g.C2H2, HCN, HCaN).
• duringtheinitialsteps ofaerosol formation, themacromolecules growfromthefirst heavy molecules by including small gasphase molecules. Nucleation eventually occurs. Particles growin mass andradiusthrough several processes: chemical additions (chemical activity continues afternucleation), transition ofgasphase macromolecules to thecondensed phase, coagulation. Bythetimetheparticles reach aradius ofapproximately 1-2nm,microphysical considerations suggest thatthefurthercoagulation ofparticles occurs at constant mass, i.e. theaddition of mass fromthesmall gasphase molecules hasbecome negligible. Wedefine the precursor level asthe transition between theregime where chemical addition of small molecules is significant andtheregime where microphysical processes conserving theoverall mass ofaerosol material dominate. Thesource function used bymicrophysical models is the mass fluxofaerosol material through thistransition.
• this aerosol material, at the precursor level,is composed of macromolecules that havea certain mean length, i.e.thathave incorporated, in average, a certain number ofgasphase molecules duringtheirchemical growth.
Based onthese principles, weestimate thesource function ofprecursors andtheirbulkelemental composition through these steps, using threesetsofparameters:
• wepropose threepathways fortheinitialreactions andthegrowth ofmacromolecules (polymers ofC2H2 andHCaN, PAHs thatmayinclude HCNandHCaN, andpolymers ofHCNand nitriles).These propositions arebased onexperimental results published by several teams (see Table I ).
• the reaction ratecoefficients (k, in cm a s-t) for theseinitial reactions area first setof parameters.
• foreach pathway, wepropose gasphase molecules thatmaybeincorporated in these macromolecules. Theproportions ofeach molecule in theglobal macromolecule arecontrolled by a second setofparameters.
• theyieldlimitingthegrowthofa macromolecule (precursor level)is parameterized by the mean number ofgasphase molecules incorporated in onemacromolecule. W_alsoreferto thisparameter asthe'length' ofthepolymers.
• the mass flux of aerosol material at the precursor level(i.e. the source functionof the aerosols) is equal to theproduct between themean molecular mass of macromolecules and theproduction ratesofthefirstheavy molecules (initialreactions).
Laboratory experiments have synthesized tentative analogs to Titan'saerosols, in order toobtain theirproperties. Thestudyofthese products have yielded some hintsaboutthestructure ofthe constituent macromolecules of the tholinparticles, andin some cases theC/N andC/H ratios (Table I) . Howclose tholinsrepresent Titan'saerosols is in debate, but still, understanding the process which makes tholinscancertainly help.Using these experiments, wehave identified three possible pathways leading fromparent molecules (C9H2, HCN, HCaN andothernitriles, C6H6) to macromolecules thatwill bethebuildingblocks oftheprecursors. These pathways aredescribed in Section 2. In Section 3,theparameterization ofthesepathways is detailed, andquantities of interest (mass production ratesof thedifferent channels, lossof theparent molecules, C/N and C/Hratios) canbeevaluated. Thismodel isthenapplied totheatmosphere ofTitanin Section 4.
Information from experiments
Numerous experiments have been done in order to synthesize tholins, analogs for Titan's aerosols.
The conditions in the laboratories have been varied while trying to get as near to conditions in Titan'satmosphere aspossible. TableI presents a summary of theseexperiments, with some results ontheproducts' analysis. Since theoptical properties oftholinsprovide good matches to theproperties ofTitan'shaze (Khare et al., 1984; Sagan et al., 1992) , it is reasonable to assume that the production processes for tholins are close to those occuring in Titan's atmosphere. Most of the C/N ratios measured in the tholins are low (between 1.5 and 11), so we expect a fairly important amount of nitrogen to be incorporated in the macromolecules during the chemical processes. et al., 1993; Khare et al., 2001) . Previous theoretical work has investigated the growth of the PAHs from benzene by addition of acetylene (Wang and Frenklach, 1994; Wong et al., 2000; Bauschlicher and Ricca, 2000) . Nitrogen atoms could be incorporated in the cycles through the addition of HCN or HCaN instead of acetylene (Ricca et al., 2001 (Coil et al., 1995; 1999) . Only C2H2, HCaN, and C4H2 have been observed in Titan's atmosphere. range in altitude), we assume here that these products are also of second order in the constitutive material of aerosol precursors.
Papers
Whether the products obtained in the experiments are long chains or aromatics, or a nfix of both, is in debate. In this paper, we will concentrate on the first three mechanisms: polymerization of a mixture of acetylene and cyanoacetylene (polymer 1); PAHs' growth from addition of acetylene on benzene rings (polymer 2, which could incorporate some HCN and HCaN); and the polymerization of hydrogen cyanide and other nitriles (polymer 3). We will assume that the tholins and Titan's aerosols are mainly a mixture of these types of macromolecules, to first order.
Parameterization of polymer formation
In this section, we will discuss the proposed mechanisms for polymer growth, and the necessary assumptions that we had to make. In each case a set of parameters will be isolated. These are summarized in Table II . For each pathway, initial reactions are detailed. Their rate coefficients (k, in cm a s-l) are the first parameters. Once these reactions occured, the products are assumed to ultimately be incorporated in precursor particles. The parameters (c_, _, 7) characterize the proportions of each small molecule that is incorporated in the global macromolecule. The macromolecules grow through addition of these small molecules until they reach the precursor level.
These parameterizations allow us to calculate the mass production rates, the C/N and C/H ratios, and also the incorporation rates of the parent molecules (C2H2, HCN, HCaN and other nitriles). Fig. 1 . This mechanism is reported as dominant for the growth of the "v\_ fanfily in the context of the model developed by Dimitrov and Bar-Nun (1997) . The rates kA and kB are not known, but the main parameter we will use is _ = kB/kA. It will deternfine the proportions of acetylene and cyanoacetylene incorporated in the polymer, and the initial reactions will yield the evaluation of the production rates. In this parameterization, the exact process of the polymerization is not crucial.
Once the initial products are formed, we assume that they will ultimately form precursors with a mass deternfined by the incorporated gaseous molecules. Whether other species are incorporated in such polymers is considered here to be second order. Clarke and Ferris (1997) The initialization of the polymerization is not a simple question. It could start with the radical C4H 3 or its nitrile equivalent C4H2CN:
Initial scheme (la): 
?7 j 1 where R) (j = 1 to J) are all the different possible radicals that could react with acetylene during this polymer growth, and kj,c2II2 are the reaction rate coefficients associated with these reactions.
The loss rate is therefore related to the acetylene concentration through 
Figure 1: Possible structures for compounds involved in polymer 1 formation.
are:
where ni is the number density of the species i. The elemental ratios C/N and C/H can then be calculated. Using these fractions, we evaluate the mean numbers of C, H and N atoms in the resulting polymer chain:
The production rate of the polymers, pl (in cm -a s -1) can be evaluated as a function of the composition (concentrations of acetylene, cyanoacetylene and other constituents included in the initialisation scheme) and of the reaction rates of the initial reactions:
Then the mass production rate, P1 (in g cm -a s -1) is:
where ms is the mean molecular mass of the polymer:
The loss rate of acetylene and cyanoaeetylene to the polymers are also calculated:
a7 /1 
The initial reactions determine the production rate P2, then given a maximum size of growth (N2 is the mean number of molecules included in the PAH at precursor level), the mass production rate P2 can be calculated:
with 77_2= ]_\2 x (f2,czlizrrtc2ii2
C/H is slightly over 1, depending on the size of the PAH, and C/N is
The loss rates of acetylene, hydrogen cyanide and cyanoacetylene to this polymer are:
?7 ]2 The polymerization of HCN has been studied previously (Thompson and Sagan, 1989; Matthews, 1992; Minard ctal., 1998) . Despite the differences in the proposed structures, it seems possible to reconcile them, so we will explore this possibility. Fig. 2 
The mass production rate P3 (g cm-3 s -1) is then:
with
J
The C/N and C/H ratios can be calculated, as well as the loss rate of the nitriles to the polymer:
where a c, aN, and aj are the numbers of C, N and H atoms (respectively) in the RjCN molecule, and and 150 km altitude), which is a problem beyond the scope of this paper. The total mass production rate of the haze is the sum of the different pathways, and the C/N and C/H mean ratios can be calculated:
3.5 Discussion of parameters From a mixture of 250 torr of acetylene and 25 torr of cyanoacetylene, Clarke and Ferris (1997) measured a C/N ratio of 6.36, and a H/N ratio of 3.86. The polymer they report is our first pathway. Using Eq. 5 and Eq. 6, and a C2H2/HCaN concentration ratio equal to 10, the C/N and C/H ratios can be fairly well reproduced for c_ = 6 (C/N = 6.33 and H/N = 4.33). This is consistent with laboratory studies showing cyanoacetylene to be two to five times more reactive than acetylene toward polymer formation (Clarke and Ferris, 1995, 1997) .
The studies by Ricca et al. (2001) can help constrain/3s and f32. The addition step for HCN or HCaN in the process of ring formation shows a barrier very similar to the C2H2 addition step.
The nitrogen atom will then induce a higher barrier in the ring closure process, but this will not Reaction have consequences on the f2 factors. It may slow the growth process, but it will eventually lead to precursor formation.
As a rough hypothesis, we consider the assumption _1 _/32 _ 1. For polymer 3, in the absence of any data, we will make the crude assumption that all nitriles have the same addition rate in the polymer. The parameters 7j, ratios of the addition rate of a nitrile RjCN to the addition rate of HCN are therefore taken equal to 1 for all nitriles. Length of the polymers The mean length of the polymers (related to the Ni parameters) may be controlled by the details of the chain reactions.
To estimate the extent of the molecules' incorporation at the precursor level (i.e. Ni), we use here a different approach.
The usual density for aerosol particles is around 1 gcm -a (Toon et al., 1992; Rannou et al., 1995) . The size of the smallest particles used in these microphysical models for aerosol production is around 13 A. The mass of these precursors is therefore of the order of 9x 10 -2s g, which corresponds to _ 200 molecules of acetylene or hydrogen cyanide, or _ 400 atoms of carbon and/or nitrogen. The precursor level that is used in our model is taken before or around that size. Therefore, we will assume that Ni are all of the order of 10 to 100 gas molecules (and that Ns _ N2 _ Na). Our chosen value is 20, which means that the precursors contains _10 polymer macromolecules, which have incorporated each a mean value of 20 gas phase molecules before the chemical growth from the gas phase becomes negligible. This is consistent with the estimation given in Dimitrov and Bar-Nun (2002), stating that a particle of radius (3-8) .& may already consist of (12-20) macromolecules. (1989, 1995) constrain the composition in the [100-130] km region (low stratosphere), and a recent reanalysis of'Voyager 1/UVS data by Vervack (1997) proposes vertical profiles for some compounds in the [500-800] km region. The 2-dimensional dynamics we introduced in the stratosphere in our model (Lebonnois ct al., 2001) have a major impact on these profiles in this region, yielding a more homogeneous stratosphere. The eddy diffusion coefficient profile has been tuned here to reproduce this effect, and to bring most profiles in agreement with Voyager 1 observations (see Fig. 3 ). We have added to the model the production of aerosol precursors and corresponding loss of gas phase components, using the parameterization described previously. The chosen set of parameters is given in Table IV .
Our goals here are to get a first idea of the impact of this parameterization on the photochemical model, to evaluate the possible production rate (its vertical profile and its column integrated value) of precursors in these conditions, and the composition we obtain for Titan's aerosol precursors.
Results
The profiles of components of interest for this study are shown in Fig. 3: hydrocarbon molecules (C2H2, C4H2, benzene [A1]), nitriles (HCN, HC3N, C.>N2, CH3CN, C2HaCN), and radicals (C4H3, HCNH, phenyl [A'_]). The impact on their profiles of the loss of these molecules to the aerosols is also indicated in this figure. As previously suggested by McKay (1996) , this loss appears as a significant sink for the nitriles, but not for the hydrocarbons.
The profiles obtained for the mass production rates of each polymer are shown in Fig. 4 . The maxima are all located between 150 and 200 km altitude. This is essentially a mirror of the density profiles of the different radicals, the maxima being slightly lowered by the increasing densities of acetylene and hydrogen cyanide.
The column integrated values of the mass production rates are indicated in Table V , at two different steps: just after the initial reactions (before addition of any other gas molecules), and at the precursor level. Polymers 1 and 3 are of similar importance, while the PAHs component (polymer 2) appears negligible by several orders of magnitude, due to the low mole fraction of phenyl (and therefore benzene) in the stratosphere, and to the addition rate of acetylene on phenyl, which is much lower than the other initial reactions at this temperature (in the range 150-200 K). The profiles of the C/N ratios are plotted in Fig. 5 . This model (through Eq. 28) gives a value of C/N in Titan's stratosphere of approximately 4, which is a mix of polymer 1 with (C/N)_ __ 18, and polymer 3 with (C/N)a -_ 1.5. The C/H ratios are always slightly above 1. where gas phase compositions were close to Titan's stratosphere. Though the other experimental conditions (temperature, pressure, energy source) are not a perfect reproduction of Titan's atmospheric conditions, the optical properties of tholins they produced provide good matches to the properties of Titan's haze (Sagan et al., 1992) . The C/N ratios they measured (Table I) appears to be close to the global ratio we obtain around the maximum of the production. The C/H ratios they report are lower than unity, which is different from our value, but this can be understood as a consequence of the hydrogenation of the different C-C or C-N multiple bounds which can occur during the polymerization process, and that is not taken into account in our parameterization. Another process could also be the addition of methyl groups, due to the high abundance of methane.
Discussion
In the Coll et al. (1999) experiment, HCN polymers (polymer 3) were reported to be likely present, This has a large impact on the addition rate of acetylene on the phenyl radical (k_1+2) varies by more than three orders of magnitude between 150 and 300K), which could yield a much higher production rate of PAHs at room temperature, comparable to the two other kinds of polymers. Another possibility is that we are missing some other pathways to produce benzene (or other ring molecules), like the reaction proposed in Arrington et al. (1998) values by an order of magnitude. Concerning the first pathway, the value of c_ has an influence on the loss rate of HC3N to the haze. Variations around c_ = 6 does not affect C2H2 in the gas phase, but has an impact on HC3N stratospheric abundance, since this pathway represents a significant loss for this compound.
It also affects the (C/N)I ratio (from _10 to _150), as well as the mean molecular mass ml (small variations, around 5%), but the impact on the global C/N ratio and on the total mass production rate is small in the stratosphere (within 10%). Because polymer 2 is negligible compared to polymer 3, the values of fll and f12 do not have any influence on the HCN and HC3N vertical profiles. They also have little influence on ru2 and P'2: in the case of ill, C2H2 and HCN have similar molecular mass, and in the case of f12, HC3N mole fraction is significantly lower than both other compounds.
The effect of fll and f12 variations is only visible in the (C/N)2 ratio, but due to its negligible production rate, this does not influence the global C/N ratio. We tested the impact of 7 variations for HC3N in a similar manner.
When 7 is raised for this nitrile, it increases its proportion in polymer 3. The molecular mass of the polymer changes accordingly (e.g. for HC3N, it raises the molecular mass), affecting the mass production rate P3. The (C/N)3 is also slightly affected.
The destruction rate of this nitrile increases, which affects its vertical profile. The overall variations of the global C/N ratio and mass production rate are small, within 30%.
Finally, variations on the value of the reaction rate coefficient between HCNH and HCN (k_1)) induce correlated variations on HCNH mole fraction profile (with only small variations on the nitriles' profiles), but the production rate remains largely unchanged. This is consistent with these reactions being the dominant sink of the HCNH radical in this model.
Conclusions
Based on experimental data, three pathways have been proposed in order to bridge the gap between the usual photochemical scheme and the microphysical models: polymers of acetylene and cyanoacetylene, polycyclic aromatic hydrocarbons (that could include some nitrogen in the rings), 
